Tumor suppressor SMARCA4 (BRG1), a key SWI/SNF chromatin remodeling gene, is frequently inactivated in cancers and is not directly druggable. We recently uncovered that SMARCA4 loss in an ovarian cancer subtype causes cyclin D1 deficiency leading to susceptibility to CDK4/6 inhibition. Here, we show that this vulnerability is conserved in nonsmall cell lung cancer (NSCLC), where SMARCA4 loss also results in reduced cyclin D1 expression and selective sensitivity to CDK4/6 inhibitors. In addition, SMARCA2, another SWI/SNF subunit lost in a subset of NSCLCs, also regulates cyclin D1 and drug response when SMARCA4 is absent. Mechanistically, SMARCA4/2 loss reduces cyclin D1 expression by a combination of restricting CCND1 chromatin accessibility and suppressing c-Jun, a transcription activator of CCND1. Furthermore, SMARCA4 loss is synthetic lethal with CDK4/ 6 inhibition both in vitro and in vivo, suggesting that FDA-approved CDK4/6 inhibitors could be effective to treat this significant subgroup of NSCLCs.
S MARCA4, a catalytic ATPase subunit of SWI/SNF (SWItch/Sucrose Non-Fermentable) chromatin remodeling complexes, is inactivated by mutations or other mechanisms in non-small cell lung cancers (NSCLCs; >10%) [1] [2] [3] [4] [5] [6] [7] [8] . Furthermore, concomitant loss of protein expression of SMARCA4 and SMARCA2, another mutually exclusive ATPase subunit of SWI/ SNF, occurs in a NSCLC subset associated with poor prognosis 2 . While approximately 20% of SMARCA4 mutations in NSCLCs co-occur with KRAS mutations, the remaining cases rarely cooccur with known druggable oncogenic mutations 1, 3, 4, 8 . Previous studies have uncovered several synthetic lethal interactions of SMARCA4 loss in NSCLC cells, including suppression of SMARCA2 8, 9 , a non-catalytic activity of EZH2 10 , and aurora kinase A 11 . However, these vulnerabilities associated with SMARCA4 deficiency are currently not druggable with any FDAapproved agents. Thus, SMARCA4-deficient NSCLCs still lack an effective targeted treatment option.
In addition to NSCLC, inactivating SMARCA4 mutations are known to be the sole genetic driver event in~100% of small cell carcinoma of the ovary, hypercalcemic type (SCCOHT) [12] [13] [14] , which, unlike NSCLC, has a remarkably simple genome that harbors few mutations or chromosomal alterations 15, 16 . Using kinome-focused RNA interference (RNAi) screens, we recently uncovered that SCCOHT cells are selectively sensitive to cyclindependent kinase 4/6 (CDK4/6) inhibition 17 . We found that SMARCA4 loss causes profound downregulation of cyclin D1, which limits CDK4/6 kinase activity in SCCOHT cells and results in less buffering against CDK4/6 inhibition. Our unexpected findings thus extend the initial application of CDK4/6 inhibitors in treating estrogen receptor-positive (ER + ) breast cancers which are often characterized with dysregulated CDK4/6 activation [18] [19] [20] [21] [22] [23] [24] [25] , where the oncogenic addiction to cyclin D1 is being targeted. In the case of SCCOHT, the critically low level of cyclin D1 caused by SMARCA4 loss is a cancer vulnerability that can also be targeted by the same inhibitors.
Here, we investigated this synthetic lethal interaction in SMARCA4-deficient NSCLC, which has a complex mutation landscape, and explored the potential strategy of using CDK4/6 inhibitors to treat this highly aggressive subgroup of lung cancer.
Results
Reduced cyclin D1 in SMARCA4-deficient NSCLC causes sensitivities to CDK4/6 inhibitors. We first examined the potential correlation between SMARCA4 status and cyclin D1 expression in NSCLC cells as seen in SCCOHT. Despite the differences in tissue origins and mutation burdens between these two cancer types, SMARCA4-deficient NSCLC cell lines (n = 11) also express lower levels of cyclin D1 protein ( Fig. 1a ) and messenger RNA (mRNA; Fig. 1b ) compared to SMARCA4proficient NSCLC cell lines (n = 9), which consist of the major NSCLC subtypes with KRAS (n = 4) or EGFR (n = 3) mutations as well as those without these driver mutations (n = 2; Supplementary Data 1). Among the 4 SMARCA4/2-dual deficient celllines, H1703 and H522 do not harbor KRAS mutations and express the lowest levels of cyclin D1 protein and mRNA ( Fig. 1a, b ), suggesting that SMARCA2 may also regulate cyclin D1 expression. Such correlation was not observed for key cell cycle regulators of G1-S-phase transition ( Supplementary Fig. 1 ). In addition, almost all SMARCA4-deficient cell lines retain retinoblastoma (RB) and are negative or express lower levels of the CDK4/6 inhibitor p16 INK4a (Fig. 1a ), a profile known to be associated with positive responses to CDK4/6 inhibitors [20] [21] [22] [23] .
Since SMARCA4-deficient SCCOHT cells are vulnerable to CDK4/6 inhibition attributed to cyclin D1 deficiency 17 , we investigated this susceptibility in above mentioned lung cancer cell lines. Indeed, SMARCA4-deficient NSCLC cells are also highly sensitive to the CDK4/6 inhibitor palbociclib in both cell viability ( Fig. 1c ) and long-term colony formation assays ( Fig. 1d and Supplementary Fig. 2a ), contrasting to SMARCA4-proficient/ KRAS wild-type (WT) cells. KRAS mutants served as a positive control-KRAS mutations in NSCLC are known to be synthetic lethal with CDK4 inhibition 26 and the CDK inhibitor abemaciclib has shown single-agent antitumor activity in patients with KRASmutant NSCLCs 27 . We found that SMARCA4-deficient cell lines, regardless of the KRAS status, have similar palbociclib sensitivities as KRAS mutants (Fig. 1c, d and Supplementary Fig. 2a ).
Similar results were obtained using abemaciclib (Supplementary Fig. 3a ). This differential drug sensitivities of these cell lines do not correlate with their proliferation rates ( Supplementary  Fig. 4 ). Consistent with the growth response, palbociclib and abemaciclib suppressed phosphorylation of RB, a direct target of CDK4/6, in SMARCA4-deficient and KRAS-mutant cells but not the SMARCA4-proficient/KRAS WT cells (Supplementary Fig. 2b, 3b ). Furthermore, palbociclib treatment in SMARCA4-deficient NSCLC cells induces strong G1 cell cycle arrest ( Fig. 1e , f) but not cell death as indicated by the lack of Annexin V staining ( Supplementary Fig. 5 ). Together, these data show that CDK4/6 inhibitors are effective in inhibiting proliferation of SMARCA4-deficient NSCLC cells predominantly through cell cycle suppression.
We noted that two of the four SMARCA4/2-dual deficient cell lines, H1703 and A427, are among the most sensitive to CDK4/6 inhibitors ( Fig. 1c, d , Supplementary Fig. 2a, 3a) . The other two SMARCA4/2-dual deficient cell lines, H23 and H522, are both RB deficient and are relatively resistant to CDK4/6 inhibitors ( Fig. 1a , c, Supplementary Fig. 2a, 3a ). This is likely due to the requirement of RB for palbociclib response [20] [21] [22] [23] . Consistent with this, RB knockdown in SMARCA4/2-dual deficient H1703 cells confers strong drug resistance to palbociclib ( Supplementary Fig. 6 ). Thus, these observations suggest that SMARCA4/2-dual deficient cells are more sensitive to CDK4/6 inhibition, if RB expression is intact.
Supporting the role of cyclin D1 deficiency mediating drug sensitivity to CDK4/6 inhibition, ectopic cyclin D1 expression confers palbociclib resistance in both SMARCA4-deficient H1299 and SMARCA4/2-dual deficient H1703 ( Fig. 1g, h ). Complementarily, cyclin D1 knockdown in SMARCA4/2-proficient HCC827 and PC9 controls enhances drug responses ( Fig. 1i , j). Collectively, these data demonstrate that SMARCA4 deficiency is associated with reduced cyclin D1 expression and susceptibility to CDK4/6 inhibition in NSCLC, which is in line with our findings in SCCOHT.
Palbociclib suppresses SMARCA4-deficient NSCLC in vivo. To validate our above cell line findings in vivo, we examined the responses of SMARCA4-deficient NSCLC tumors to palbociclib using mouse xenograft models. Even though KRAS status does not impact drug sensitivities of SMARCA4-deficient cells in vitro ( Fig. 1c, d and Supplementary Fig. 2 , 3), we tested two SMARCA4-deficient/KRAS WT models to rule out potential contributions of KRAS mutations to drug responses in vivo: H1299 (SMARCA4-deficient) and H1703 (SMARCA4/2-dual deficient). As shown in Fig. 2a-d , palbociclib treatment elicited a potent growth inhibition of both tumor models. Immunohistochemistry (IHC) analysis of tumors at the treatment endpoints showed that RB phosphorylation, Ki67 expression and mitotic index were significantly suppressed in palbociclib-treated cohorts ( Fig. 2e-h) , confirming the target modulation by palbociclib. These results demonstrate that palbociclib is effective in treating SMARCA4-deficient NSCLC tumors in vivo. Cyclin D1   SMARCA2   SMARCA4   H  3 2 5 5  H  C  C  8 2 7  H  8 3 8 A 5 4 9 K  P C   9  H  1 4 3 7 H  1 9 5  H  1 2 9 9  H  1 8 1 9  H  2 0 3 0 K  H  2 3 K A 4 2 7 K  H  1 7 0 3  H  5 2 2 H  2 1 2 2 K  H  3 Fig. 1-3 ) also suggests that SMARCA2 plays a role in regulating cyclin D1 expression and drug response to CDK4/6 inhibitors in SMARCA4-deficient NSCLC cells. In line with this, SMARCA2 knockdown in SMARCA4-deficient H1299 cells suppresses cyclin D1 expression ( Fig. 3c) ; conversely, SMARCA2 restoration in SMARCA4/2-dual deficient cells (H1703 and A427) upregulates cyclin D1 protein and mRNA expression ( Fig. 3d and Supplementary Fig. 7c ). In contrast, SMARCA2 knockdown in SMARCA4/2-proficient H1915 cells has no effect on cyclin D1 expression while knockdown of SMARCA4 in the same cells strongly suppresses cyclin D1 ( Supplementary Fig. 8 ).
These data suggest a model in which SMARCA4 plays a dominant role in regulating cyclin D1 expression and drug response to CDK4/6 inhibitors in NSCLC cells, but SMARCA2 becomes limiting when SMARCA4 is absent.
In keeping with our in vitro findings, we observed a mild but significant correlation (r = 0.33; p = 0.002) between SMARCA4 and CCND1 mRNA expression in a cohort of 83 lung adenocarcinomas (LUADs), a main NSCLC subtype ( Fig. 3e ). Similar correlation (r = 0.36; p < 0.0001) was also obtained in a second cohort of 230 LUAD patient tumor samples from The Cancer Genome Atlas (TCGA) 4 (Fig. 3f ). Furthermore, we found a strong correlation (r = 0.8; p = 0.001) between SMARCA2 and CCND1 mRNA expression in SMARCA4mutated LUAD tumors ( Fig. 3g ) but not in the non-selected TCGA cohort ( Supplementary Fig. 9 ), supporting the role of SMARCA2 in regulating CCND1 expression when SMARCA4 is lost in NSCLC. Using IHC, we next analyzed protein expression of cyclin D1 in a third cohort of NSCLC patient tumors (n = 93). In line with tumor mRNA analysis, SMARCA4 IHCnegative NSCLC tumors (n = 11) expressed lower levels of cyclin D1 compared to SMARCA4 IHC-positive NSCLCs (n = 82) although not statistically significant (p = 0.105; Fig. 3h , i). A majority (8/11) of the SMARCA4 IHC-negative tumors retained RB expression and were p16 negative (Supplementary data 2), a profile associated with positive responses to palbociclib [20] [21] [22] [23] . We further confirmed the reduced cyclin D1 protein expression in SMARCA4 IHC-negative NSCLCs in another cohort of 100 patient tumors (p = 0.036; Fig. 3j ). Collectively, these results support our in vitro data and indicate that SMARCA4-deficient NSCLC tumors express reduced cyclin D1 and may respond to CDK4/6 inhibitors. SMARCA4 loss restricts CCND1 chromatin accessibility. We next investigated the mechanism by which SMARCA4/2 regulate cyclin D1 expression in NSCLC. Given the chromatin remodeling role of SWI/SNF, we performed assay for transposase-accessible chromatin sequencing (ATAC-seq) in H1703 cells before and after restoration of SMARCA4 or SMARCA2 to examine their global effects on chromatin accessibility in NSCLC cells (Supplementary Data 3, 4) . Restoration of SMARCA4 resulted in a dramatic opening of the chromatin landscape: the total number of open chromatin sites more than doubled (Fig. 4a) , with the overwhelming majority of new open chromatin sites present at distal, non-promoter sites (Fig. 4b ). This observation is consistent with the widespread finding that enhancer utilization varies more between cell types than promoter openness 28, 29 and that SMARCA4 opens enhancers in other contexts [30] [31] [32] [33] . Expression of SMARCA2 in H1703 cells had an extremely similar global effect to expression of SMARCA4, with SMARCA4-dependent open chromatin sites showing similar magnitude of opening upon SMARCA2 expression ( Fig. 4c, d ). Using the same isogenic cell pairs, we also performed chromatin immunoprecipitation sequencing (ChIP-Seq) experiments of H3K27Ac, a mark of active promoters and enhancers, and observed gain of H3K27Ac in the vicinity of SMARCA4/2-dependent open chromatin ( Fig. 4e , f). Regions of conserved openness in the control and SMARCA4-restored H1703 cells showed similar H3K27Ac in the three conditions ( Supplementary Fig. 10 ). Taken together, these data indicate that a large number of regulatory elements are activated by SMARCA4/2. Next, we focused on the chromatin architecture of the CCND1 locus and the potential regulation by SMARCA4/2 (Fig. 5a ). Using published ChIP-seq data of H1299 cells expressing inducible SMARCA4 34 , we observed that SMARCA4 is present at the CCND1 promoter. We also confirmed this SMARCA4 occupancy in SMARCA4-restored H1703 cells using ChIP-seq ( Fig. 5a ) and in the SMARCA4-proficient H1915 cells by ChIP-PCR ( Supplementary Fig. 11a ). Similarly, SMARCA2 binding was also enriched at the same CCND1 promoter region in H1299 cells ( Supplementary Fig. 11b ). These data suggest that SMARCA4/2 may directly regulate CCND1 expression. Consistent with this, H3K27Ac signal at the CCND1 promoter region and ATAC-seq signal in the CCND1 gene body were both elevated upon SMARCA4/2 restoration ( Fig. 5a ), indicating enhanced chromatin accessibility at the CCND1 locus when SMARCA4/2 are present. Supporting this, we detected a significant enrichment of E2F1 at the promoter region upon SMARCA4 restoration in H1703 cells ( Supplementary Fig. 12a ), while E2F1 total expression was not changed ( Supplementary Fig. 12b ). Given that E2F1 is known to suppress CCND1 35 , this enhanced E2F1 occupancy may not explain the CCND1 induction by SMARCA4. Consistent with this, we observed that E2F1 knockdown results in slight upregulation of cyclin D1 ( Supplementary Fig. 12b ). Nevertheless, enhanced E2F1 binding supports the increased chromatin accessibility of the CCND1 locus induced by SMARCA4/2, which likely also promotes binding of other transcription factors known to directly activate CCND1 36 .
In addition to the enhanced accessibility at the CCND1 promoter, we also observed the strong opening of a SMARCA4dependent putative enhancer site 50 kb upstream of CCND1, which is the only annotated gene locus within the vicinity (Fig. 5a ). This region contained two strong-ATAC-seq peaks, with the summit of each peak containing a canonical adaptor protein-1 (AP-1) site, the motif bound by c-Fos/c-Jun dimers 37, 38 (Fig. 5b) . While c-Fos/c-Jun are known activators of CCND1 39,40 , their involvement in this putative enhancer is not known. Consistent with a potential enhancer nature, ChIP-Seq signals of H3K27Ac but not H3K4me3, a promoter activation mark, was significantly increased at these two peaks in response to SMARCA4/2 restoration ( Fig. 5a ). Analysis of the publicly available ChIP-seq data sets in human umbilical vein endothelial cell (HUVEC; GSM935585, GSM935278) indicates a strong enrichment for c-Fos and c-Jun at these two peaks ( Fig. 5b ). Together, these data suggest that c-Fos/c-Jun may be involved in SMARCA4/2-mediated CCND1 regulation through this putative enhancer.
Interestingly, we identified SMARCA4 occupancy at the JUN promoter as well as extensive chromatin opening of the JUN locus upon SMARCA4/2 restoration in H1703 cells (Fig. 5c ). In line with this observation, restoration of SMARCA4 upregulates c-Jun mRNA and protein expression in H1703 cells (Fig. 5d, e ). This effect was also observed to a lesser extent in H1299 (Fig. 5f, g) , as these cells are proficient in SMARCA2. Consistent with this, SMARCA2 restoration in H1703 cells also upregulates c-Jun expression ( Fig. 5h, i) . Supporting the regulation of JUN by SMARCA4/2, we observed a trend of lower JUN mRNA expression in LUAD patient tumors expressing low SMARCA4/ 2 ( Supplementary Fig. 13 ). In contrast, we found that c-Fos is not regulated by SMARCA4/2 ( Supplementary Fig. 14) . Importantly, knockdown of c-Jun or c-Fos partially abrogated SMARCA4mediated induction of cyclin D1 mRNA and protein expression ( Fig. 5j, k and Supplementary Fig. 14) . Collectively, these data suggest that, in addition to direct modulating chromatin accessibility of the CCND1 locus, SMARCA4/2 also promote cyclin D1 expression by inducing c-Jun (Fig. 5l ).
SMARCA4 loss is synthetic lethal with CDK4/6 inhibition. Finally, we sought to further establish the synthetic lethal interaction between SMARCA4 loss and CDK4/6 inhibition. In contrast to SCCOHT, SMARCA4-deficient NSCLC cells (H1299, H2030, H1703, A427) can better tolerate restoration of SMARCA4 expression, which results in drug resistance to CDK4/ 6 inhibition, regardless of KRAS mutation status (Fig. 6a, b and Supplementary Fig. 7d, e ). In keeping with the role of SMARCA2 in regulating drug responses, SMARCA2 knockdown in SMARCA4-deficient H1299 cells sensitizes cells to palbociclib treatment (Fig. 6c) ; conversely, SMARCA2 restoration in SMARCA4/2-dual deficient cells (H1703 and A427) confers resistance to palbociclib ( Fig. 6d and Supplementary Fig. 7f ). Thus, these in vitro data support the synthetic lethal interaction between SMARCA4 loss and CDK4/6 inhibition in NSCLC.
To further verify this in vivo, we generated mouse xenograft models using an isogenic cell pair of H1299 engineered to only differ in SMARCA4 status. H1299 was chosen as this cell line can better tolerate forced expression of SMARCA4 (Fig. 6a ). Consistent with our in vitro data, SMARCA4 restoration does not significantly suppress H1299 tumor grow but leads to drug resistance to palbociclib treatment compared to the control tumors ( Fig. 6e-g) . Together, our data demonstrate that SMARCA4 loss in NSCLC results in reduced cyclin D1 expression, which underlies the synthetic lethal interaction between SMARCA4 deficiency and CDK4/6 inhibition.
Discussion
Our findings show that the synthetic lethal interaction between SMARCA4 loss and CDK4/6 inhibition, mediated by cyclin D1 deficiency, is a common druggable vulnerability of NSCLC and SCCOHT, despite their differences in tissue of origin and mutation landscape. In this study, we also establish the role of SMARCA2 in regulating cyclin D1 and drug response to CDK4/6 inhibitors. Furthermore, we provide mechanistic insights for the regulation of cyclin D1 by SMARCA4/2 in NSCLC, where SMARCA4/2 remodel the chromatin structure of the CCND1 locus and its transcription activator JUN.
Our ATAC-seq and H3K27Ac ChIP-seq results support that SMARCA4/2 positively regulate cyclin D1 expression by enhancing chromatin accessibility at the CCND1 locus. This chromatin opening may promote accessibility to transcription factors that directly regulate CCND1 36 , which requires further investigation. Our genomic studies also identify a putative enhancer 50 kb upstream of CCND1 which contains canonical AP-1 site motif bound by c-Fos/c-Jun dimers and is clearly opened by SMARCA4/2. Indeed, we found evidence of c-Fos/c-Jun occupancy at this site in a publicly available ChIP-seq data set. While the relevance of this putative enhancer site remains to be established in future studies, we found that SMARCA4-induced CCND1 upregulation partially requires c-Fos/c-Jun. Furthermore, SMARCA4/2 activate c-Jun expression potentially through directly regulating the chromatin structure of the JUN locus, as observed in our chromatin accessibility assays and ChIP experiments as well as in publicly available data tracks. Thus, our data suggest a model in which SMARCA4/2 regulates cyclin D1 by a combination of direct activation of the CCND1 promoter and by positive regulation of JUN which also activates CCND1 39, 40 .
Our data do not rule out additional mechanisms by which SMARCA4/2 regulates cyclin D1 expression. It is also possible that cyclin D1 deficiency caused by SMARCA4 loss may be compensated by other regulators of cell cycle progression. For ARTICLE example, we found elevated CDK2 expression in SMARCA4deficient NSCLC cells which may help to maintain RB phosphorylation. In addition, other potential dysregulations of cell cycle progression as well as the oncogenic driver pathways caused by SMARCA4 loss remain to be investigated in NSCLC.
In summary, our study demonstrates that the synthetic lethal interaction between SMARCA4 loss and CDK4/6 inhibition is a vulnerability of NSCLC that can be exploited therapeutically. Abemaciclib has shown single-agent antitumor activity in patients with KRAS-mutant NSCLCs 27 and palbociclib is being investigated in clinical trials (NCT02022982, NCT03170206, NCT02152631). Thus, our study suggests that SMARCA4deficient NSCLC patients, a significant subgroup of this aggressive disease, may also benefit from this treatment strategy using CDK4/6 inhibitors. Given that SMARCA4 is also inactivated in a variety of other cancer types 6 , this common druggable vulnerability shared by SCCOHT and NSCLC may also be conserved in other SMARCA4-deficient tumors. 
shJUN#2: Compounds and antibodies. Palbociclib (S1116) and Abemaciclib (S7158) were purchased from Selleck Chemicals (Houston, Texas, USA). Antibodies against HSP90 (H-114), cyclin D1 (A12), CDK6 (C-21), CDK4 (DCS-35), p16 (C-20), p21 (H164), cyclin E (HE12), c-Jun (G4) and c-Fos (E8) were from Santa Cruz Biotechnology; antibodies against cyclin D2 (D52F9) and p-RB (S795) were from Cell Signaling; antibody against SMARCA4 were from Bethyl Laboratories (A300-813A). Antibody against Rb (554136) was from BD Pharmingen. Cyclin D3 (ab28283) antibody was from Abcam. Antibody against SMARCA4 was used with 1:5000 dilution and all others with 1:1000 dilution. Antibodies for IHC and ChIP are listed in the corresponding method section below.
Plasmids. Individual shRNA vectors used were from the Mission TRC library (Sigma) provided by Genetic Perturbation Service (GPS) of Goodman Cancer Research Center and Biochemistry at McGill University: shCCND1#1 (TRCN0000295876), shCCND1#2 (TRCN0000288598), shSMARCA4 (TRCN0000015552), shSMARCA2#1 (TRCN0000358828), shSMARCA2#2 (TRCN0000020329), shRB#1(TRCN0000040163), shRB#2(TRCN0000288710), shE2F1#1(TRCN0000000249), shE2F1#2(TRCN0000000252), shE2F1#3 (TRCN0000039659), shJUN#1(TRCN0000039590), shJUN#2(TRCN0000010366), shFOS(TRCN0000273941). pLX304-GFP, pLX304-CCND1, pLX317-GFP were obtained from TRC3 ORF collections from TransOMIC and Sigma provided by GPS. pReceiver-Lv120, pReceiver-Lv120-SMARCA4 pReceiver-Lv151, pReceiver-Lv151-SMARCA2 and pReceiver-Lv105-SMARCA2 were purchased from GeneCopoeia.
Colony formation assays. Since different cell lines have variable proliferation rates and sizes, plating densities for each line were first optimized to allow about 2 weeks of drug treatment, before cells reach 90% confluency in 6-well plates. Single-cell suspensions of all cell lines were then counted and seeded into 6-well plates with the densities predetermined (2-8 × 10 4 cells per well). Cells were treated with vehicle control or drugs on the next day and culture medium was refreshed every 3 days for 10-14 days in total. At the endpoints of colony formation assays, cells were fixed with 3.75% formaldehyde, stained with crystal violet (0.1%w/v) and photographed. All relevant assays were performed independently at least three times.
Cell viability assays. Cultured cells were seeded into 96-well plates (200-2000 cells per well). At 24 h after seeding, serial dilutions of CDK4/6 inhibitors were added to cells to final drug concentrations ranging from 0.0026 to 10 µM. Cells were then incubated for 5-7 days and cell viability was measured using the CellTiter-Blue viability assay (Promega). Relative survival in the presence of CDK4/ 6 inhibitors was normalized to the untreated controls after background subtraction.
Protein lysate preparation and immunoblots. Cells were first seeded in normal medium without inhibitors. After 24 h, the medium was replaced with fresh medium containing the inhibitors as indicated in the text. After the drug stimulation, cells were washed with cold phosphate-buffered saline (PBS), lysed with protein sample buffer and processed with Novex® NuPAGE® Gel Electrophoresis Systems (Invitrogen). HSP90 serves as loading control. Uncropped western blots for the most important experiments are displayed in Supplementary Fig. 15 .
Cell cycle analysis. H1703 and H1299 cells were treated with palbociclib at indicated concentrations for 24 h before harvesting. Cells were then washed with PBS containing 1% FBS and fixed with 1 ml cold 70% ethanol for 30 min on ice. After washing twice with PBS, cells were treated with 25 µg ml −1 Ribonuclease A and stained with 50 µg ml −1 propidium iodide solution for 10 min. Guava easy-Cyte™ HT System (Millipore Corporation) was used to analyze cell cycle for the stained cells based on the manufacturer's instructions.
Annexin V staining. H1299 and H1703 cells in 96-well plates were treated with palbociclib in medium containing IncuCyte® Annexin V Reagent for Apoptosis (Essen Bioscience, Catalog numbers: 4641). Cells treated with hydrogen peroxide serve as positive controls in these experiments. IncuCyte® live-cell analysis imaging system was used to record 4 images every 2 h. Images were analyzed by IncuCyte® Zoom (2016B) software and annexin V-positive cells were normalized to phase contrast confluency for each well.
Assay for transposase-accessible chromatin sequencing. ATAC-seq experiments in H1703 cells were performed exactly as previously described 41 . Briefly, 50,000 cells were harvested after treating with DNase (Worthington cat. no. LS002007) at a final concentration of 200 U per ml. Cell pellets were resuspended in ATAC-Resuspension Buffer (10 mM Tris-HCl pH 7.4, 10 mM NaCl, 3 mM MgCl 2 ) containing 0.1% NP-40, 0.1% Tween-20 and 0.01% digitonin and incubated on ice for 3 min before adding 1 ml of cold ATAC-Resuspension Buffer containing 0.1% Tween-20 but no NP-40 or digitonin. Nuclei were pelleted, resuspended in 50 µl of transposition mixture (25 µl 2× TD buffer (20 mM Tris-HCl pH 7.6, 10 mM MgCl 2, 20% dimethyl formamide, Illumina cat. no. 15027866), 2.5 µl TDE1 transposase (100 nM, Illumina cat. no. 15027865), 16.5 µl PBS, 0.5 µl 1% digitonin, 0.5 µl 10% Tween-20, 5 µl H 2 O) and incubated at 37°C for 30 min in a thermomixer with 1000 RPM mixing. After cleaning with Zymo DNA Clean and Concentrator-5 Kit (Zymo Research cat. no. D4014), eluted DNA was preamplified for 5 cycles using NEBNext 2x MasterMix (NEB cat. no. M0541). Additional amplification cycles were added based on qPCR amplification 42 . PCR reactions were then purified and quantified with Quant-iT™ PicoGreen™ dsDNA Assay Kit (ThermoFisher cat. no. P7589) before sequencing. The primers used for amplification were previously published 43 and are as follows:
Ad1_noMX (forward): AATGATACGGCGACCACCGAGATCTACACTCGTCGGCAGCGTCAGAT GTG;
Ad2.1_TAAGGCGA (reverse, index 1): CAAGCAGAAGACGGCATACGAGATTCGCCTTAGTCTCGTGGGCTCGGAG ATGT;
Ad2.2_CGTACTAG (reverse, index 2): CAAGCAGAAGACGGCATACGAGATCTAGTACGGTCTCGTGGGCTCGGAG ATGT;
Ad2.3_AGGCAGAA (reverse, index 3): CAAGCAGAAGACGGCATACGAGATTTCTGCCTGTCTCGTGGGCTCGGAG ATGT;
Ad2.4_TCCTGAGC (reverse, index 4): CAAGCAGAAGACGGCATACGAGATGCTCAGGAGTCTCGTGGGCTCGGA GATGT.
Chromatin immunoprecipitation and sequencing. Cells were fixed in complete media with 1% formaldehyde for 10 min at room temperature or 0.3% formaldehyde for 30 min at 4°C then quenched by addition of 0.125 M glycine for 5 min at room temperature and 15 min on ice. Fixed cells were then pelleted and washed once with 1× PBS before snap-freezing on dry-ice. Antibodies against E2F1 (Millipore, 05-379) and SMARCA4 (Abcam, ab110641) were used for ChIP a Assay for transposase-accessible chromatin sequencing (ATAC-seq) and chromatin immunoprecipitation sequencing (ChIP-seq) data in vicinity of the CCND1 locus indicate enhanced chromatin accessibility upon SMARCA4/2 restoration. Note SMARCA4 at CCND1 promoter and formation of new putative enhancer~50 kb upstream of CCND1 promoter. All data were generated in H1703 cells before and after restoration of SMARCA4 or SMARCA2, except the publicly available SMARCA4 ChIP data in H1299 cells expressing doxycycline (Dox)-inducible SMARCA4 34 . Track height is normalized to relative number of mapped reads. b Zoomed-in view of the putative CCND1 enhancer region. Shown are ATAC-seq peaks in H1703 cells before and after SMARCA4/2 restoration and the publicly available c-Fos/c-Jun ChIP data of endothelial cell line, human umbilical vein endothelial cell (HUVEC) (GSM935585, GSM935278). Location of canonical adaptor protein-1 (AP-1) motifs are indicated. c ATAC and ChIP-seq data in vicinity of JUN locus as described in a. Note SMARCA4 at JUN promoter and extensive opening of nearby putative enhancers. d-i Restoration of SMARCA4 in H1703 (d, e) and H1299 (f, g) or SMARCA2 restoration in H1703 (h, i) cells upregulate c-Jun messenger RNA (mRNA) (d, f, h) and protein (e, g, i). j, k Knockdown of JUN partially abrogated SMARCA4-mediated induction of cyclin D1 mRNA (j) and protein (k) expression in H1703 cells. l Proposed model showing that SMARCA4 directly regulates CCND1 and also upregulates JUN which positively regulates CCND1. Two-tailed t-test. Error bars represent mean ± s.d., ***p < 0.001, ****p < 0.0001 NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-08380-1 ARTICLE experiments by following a protocol using MNase 44 . For histone H3 acetyl K27 and histone H3 tri-methyl K4 ChIP in H1703 cells, SMARCA2 ChIP in H1299 cells and SMARCA4 ChIP in H1915 cells, cell pellets were lysed in three successive buffers for 10 min each at 4°C while rotating end-over-end (LB1: 50 mM HEPES-KOH pH 7.5, 120 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100, LB2: 10 mM Tris-HCl pH 8.0, 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, LB3: 10 mM Tris-HCl pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% Na-Deoxycholate, 0.5% N-lauroylsarcosine). Lysates were then sonicated with a Branson450D cup-horn system to produce chromatin fragments between 100 and 600 bps. Triton X-100 was added to cell lysate and then centrifuged at 20,000 × g for 15 min at 4°C to pellet debris. Supernatant equivalent to 10 million cells brought to a final volume of 500 µl using LB3 was used for each immunoprecipitation. A quantity of sonicated chromatin was set aside as 10% input. Then, 5 µg IgG (Abcam ab37415), αSMARCA4 (Bethyl A300-813A), αSMARCA2 (Cell Signaling D9E8B) and 2 µg of histone H3 acetyl K27 (Abcam, ab4729), histone H3 trimethyl K4 (Abcam, ab8580) antibodies were added to the lysate for overnight incubation at 4°C. Protein G Magnetic Dynabeads® (ThermoFisher Scientific) were used for pulldown. Immunoprecipitated chromatin bound to dynabeads was washed with four successive buffers (LSB: 20 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 2 mM EDTA; MSB: 20 mM Tris-HCl pH 8.0, 250 mM NaCl, 0.1% SDS, 1% Triton X-100, 2 mM EDTA; LiCl wash: 10 mM Tris-HCl pH 8.0, 250 mM LiCl, 0.5% NP-40, 0.5% Na-deoxycholate, 1 mM EDTA; 1× TE: 10 mM Tris-HCl pH 8.0, 1 mM EDTA). Chromatin was then eluted from dynabeads in 150 µl EB (50 mM Tris-HCl pH 8.0, 10 mM EDTA, 1% SDS) by incubating at 65°C for 30 min. Immunoprecipitated samples and input were incubated overnight at 65°C to denature formaldehyde crosslinking. Samples were then treated with RNaseA (ThermoFisher Scientific) followed by proteinase K (Sigma Aldrich) before phenol/chloroform extraction. DNA was precipitated using 5 M NaCl, glycoblue (Ambion) and 100% absolute ethanol overnight at −80°C. DNA was pelleted by centrifuging at 20,000 × g for 30 min at 4°C followed by a 70% ethanol wash. Final DNA pellet was resuspended in 50 µl of 1× TE buffer and placed in speedvac for 3 min. All ChIP-sequencing (ChIP-seq) libraries were built with NEBNext Ultra II DNA Library Prep Kit for Illumina (New England Biolabs) by following the manufacturer's instructions.
ATAC-seq and ChIP-seq data analysis. ATAC-seq data were mapped to the hg19 genome using bowtie 45 , with the parameters -X 2000 -m 1 -p 4. ChIP-seq data were mapped to hg19 using bowtie2 with default parameters. Duplicate reads were removed using samtools 46 . ATAC-seq peaks were calculated using MACS2 47 , and overlap between peaks was determined using bedtools 48 . Location of peak's nearest gene was determined using the annotatepeaks function of Homer 49 . Metaplots and heat maps of ChIP and ATAC-seq data over peak sets were generated using ngsplot 50 . For visual display, SMARCA4 ChIP-seq data were smoothed using the bamCoverage function of deepTools, with a smoothLength of 300 51 . ATAC-seq and ChIP-seq data were imaged using IGV 52 .
RNA isolation and qRT-PCR. Cells were first seeded and then harvested for RNA isolation using Trizol (Invitrogen) the next day. Synthesis of complementary DNAs (cDNAs) using Maxima First Strand cDNA Synthesis Kit (Thermo Scientific) and , which was assigned as day 1, the mice were entered into the treatment regimen (200 µl p.o. × 24 days). Mice were randomly allocated to vehicle control (50 mM sodium L-lactate buffer, pH 4.0) or the treatment group (150 mg kg −1 palbociclib). Mice were housed in groups of 3-5, with each group consisting of both vehicle control and treatment animals matched for tumor size on day 1 of treatment. All gavage treatments were carried out using sterile straight 22-gauge, 38.1 mm stainless steel feeding tubes (Harvard Apparatus, QC). Tumor progression was monitored and measurements using digital calipers (VWR International) were recorded twice weekly. The persons who performed all the tumor measurements and the IHC analysis for the endpoint tumor samples were blinded to the treatment information.
Patient tumor samples. Gene expression microarray data for 83 lung adenocarcinoma tumors collected under informed consent at the British Columbia Cancer Agency (Vancouver, BC) were generated using Illumina HumanWG-6 v3.0 arrays. Bead-level data were processed with the MBCB algorithm 53 , quantilenormalized and log2-transformed 54 . These data and additional information are available through the Gene Expression Omnibus (Accession Number = GSE75037). TCGA data (RNA-seq RSEM values) for 230 lung adenocarcinomas were downloaded from the MSKCC cBioPortal. Associations between CCND1 and SMARCA4 expression were assessed using Pearson correlations with p < 0.01 considered significant.
For the immunohistochemistry studies, patient samples (n = 110) of the NSCLC were provided by the tissue bank of the National Center for Tumor Diseases ( Immunohistochemistry. For mouse xenografts, 4 µm thick sections from formalin-fixed, paraffin-embedded tissue were cut, deparaffinized and stained using a IntelliPath automated immunostainer (Biocare Medical). The protocol included an antigen retrieval treatment in Diva Decloaker RTU (Biocare Medical) for 10 min followed by incubation with the primary antibody (phosphoRB, Cell Signaling, 9308, 1:200 dilution; KI67, Abcam, 16667, 1:100 dilution; SMARCA4, Abcam, 110641, 1:100 dilution) for 1 h at room temperature. Incubation was followed by detection using a Goat anti Rabbit horseradish peroxidase (Dako) and 3,3′-diaminobenzidine (DAB; Dako). The slides were digitalized using an Aperio scanner.
The mitotic index was measured by counting the mitotic active cells in 10 high power fields (400×) of the hematoxylin and eosin (H&E)-stained tumor slides.
For patient tumor samples, national Center for Tumor Diseases (NCT) cohort: IHC was performed on 3 µm sections cut from paraffin blocks using a fully automated system ("Benchmark XT System", Ventana Medical Systems Inc, 1910 Innovation Park Drive, Tucson, Arizona, USA). IHC was performed on the TMAs using anti-SMARCA4 (anti-BRG1 antibody (clone EPNCIR111A, dilution, 1:100 dilution, Abcam, Cambridge, UK), anti-p16 (clone G175-405, 1:20 dilution, BD Pharmingen TM ) and anti-RB1 (G3-245, 1:100 dilution, BD Pharmingen TM ) antibodies. Positive and negative controls were used throughout. For assessment of SMARCA4, SMARCA2 and RB1, unequivocally absent staining in the nuclei of viable tumor cells as opposed to strong staining in background stromal cells was considered IHC negative. Expression in the tumor cells that is equivalent to the staining of non-neoplastic cells in the background was considered IHC positive. For p16, only nuclear or combined nuclear and cytoplasmic staining was considered specific. For cyclin D1, nuclear staining results were analyzed using Hscore using Zeiss microscope at a ×100 magnification. Positive cells were analyzed according to the staining intensity on a scale of 0-3 (0 = negative, 1 = weak, 2 = moderate, 3 = strong). H-scores were calculated as the sum of the percent of cells at each intensity (Pi) multiplied by the intensity score (i). H-score = Σ (Pi(i)) × 100. Score values range between 0 and 300.
McGill University Health Center (MUHC) cohort. Tissue microarrays (TMAs) were constructed from these lung adenocarcinoma samples and are comprised of 4 mm cores from the selected paraffin-embedded tissue blocks. The 4 µm thick sections from these TMAs were cut, deparaffinized and stained using the Bench-Mark Ultra system (Ventana Medical Systems Inc). Heat-induced epitope retrieval (HIER) was performed with Ultra Cell Conditioning Solution (CC1) for 32 min at 100°C, followed by blocking with antibody diluent with casein (Ventana), and 32 min of incubation at 36°C with the mouse monoclonal antibody against SMARCA4 (clone sc-17796, dilution 1:100, Santa Cruz Biotechnology). For cyclin D1, HIER was performed in CC1 for 48 min at 100°C followed by a 48 min of incubation at 36°C with the rabbit monoclonal antibody against cyclin D1 (clone SP4, dilution 1:100, Cell Marque--Sigma Aldrich, Rocklin, California). After primary antibody incubation, detection was performed using the default OptiView DAB protocol as per the manufacturer's directions (Ventana). The slides were digitalized using an Aperio scanner. The IHC results were interpreted and scored as described above. Cores with low tumor cellularity and artifacts were not included in the analysis.
Statistical analysis. Statistical significance was calculated by two-tailed Student's t-test, two-way analysis of variance (ANOVA) or non-parametric Mann-Whitney test accordingly. Prism 6 software was used to generate graphs and statistical analyses. Error bars represent mean ± standard deviation (s.d.) or standard error of mean (s.e.m.); *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
Reporting summary. Further information on experimental design is available in the Nature Research Reporting Summary linked to this article.
Data availability
All high-throughput sequencing data sets have been deposited in the Gene Expression Omnibus (GEO) under accession no. GSE121755. SMARCA4 ChIP-seq in H1299 cells was obtained from published sources 34 . FOS and JUN ChIP-seq data of HUVEC cells (GSM935585, GSM935278) was taken from the ENCODE database 55 . All other data in this study are available through contacting the corresponding authors on reasonable request.
